Transition-metal (TM) oxides, 1 notably titanium dioxide (TiO 2 ), [2] [3] [4] have a wide variety of applications in photocatalysis, for splitting of water 5, 6 and photo-assisted purification of volatile organic compounds (VOCs), 7 as a support for metal catalysts, 8 in dye-sensitized solar cells, 9 as electrodes in batteries, 10 and even as pigments in cosmetics. Among all of the above-mentioned applications, TiO 2 is well-known for its photo-assisted oxidation of VOCs into CO 2 and H 2 O.
Catalytic performance of TiO 2 is sensitive to surface atomic structure, composition, and roughness. Surface defects such as oxygen (O) vacancies can alter its electronic band structure [11] [12] [13] and are essential to promote adsorption and reaction of gas molecules. 14 As O atoms desorb from the surface of TiO 2 , Ti 4þ reduces to Ti 3þ . And, the Ti 3þ site is energetically favorable for the adsorption of oxygen while Ti 4þ is the preferred adsorption site for ethylene and water. 15 Therefore, a fundamental understanding of the factors controlling the surface stoichiometry is critical for rational design of high efficiency catalysts with superior lifetime performance.
Considerable research efforts, experimental as well as theoretical, [16] [17] [18] [19] [20] have investigated the structure of rutile TiO 2 (110), 3, [21] [22] [23] [24] energetically the most stable surface. While majority studies focused on understanding the photochemical reaction kinetics, relatively little is known concerning the thermally activated catalytic reactions. Here, we study rutile TiO 2 (110) surface compositional and structural evolution at high temperatures in presence of a relatively simple VOC, ethylene (C 2 H 4 ). 15, [25] [26] [27] [28] One of the distinct characteristics of TiO 2 (110) is that the surface exhibits structural phase transition whose kinetics depend on the temperature and oxygen pressure. [29] [30] [31] [32] [33] [34] [35] [36] For example, annealing TiO 2 (110) in vacuum leads to an O-deficient surface with a (2 Â 1) surface reconstruction, while annealing in oxygen results in stoichiometric (1 Â 1) surface. Therefore, the surface structure and reactivity depend on the temperature and oxygen pressure. [37] [38] [39] [40] In this Letter, we report in situ high-temperature (700-1000 K) scanning tunneling microscopy (STM) studies of the effect of ethylene-oxygen gas mixtures on structural evolution of rutile-structured TiO 2Àx (110). STM images were acquired as a function of time, O 2 and C 2 H 4 partial pressures, and temperature. With increasing O 2 pressure and/or decreasing temperature, we observe an increase in surface area due to the formation of TiO 2 via supply of Ti atoms transported from the bulk and O atoms from the gas phase. These results are consistent with earlier high-temperature STM observations. 29 Interestingly, annealing the sample in presence of C 2 H 4 with traces of O 2 also leads to an increase in surface mass but the growth rates are significantly higher than those observed during annealing in pure O 2 . This surprising phenomenon suggests that ethylene promotes surface oxidation TiO 2 (110).
All our experiments were carried out on a 9 Â 2 Â 0.5 mm 3 rutile-TiO 2 (110) single crystal. In order to facilitate resistive heating of the sample, $2000 -Å -thick Ta layer was sputter deposited on the backside of the crystal. The TiO 2 (110) sample was then air-transferred to an ultra high vacuum (UHV, base pressure $1 Â 10 À10 Torr) multi-chamber STM system equipped with facilities for low-energy electron diffraction (LEED), residual gas analysis (RGA), Ar þ sputtering, and dosing O 2 Figure 1(a) shows a representative STM image and a LEED pattern acquired from the as-prepared sample. A higher magnification STM image of flat terrace in Fig. 1(b) shows a periodic structure with 3.3 Â 6.3 Å 2 spacing, characteristic of 1 Â 1 surface reconstruction. This is consistent with the in-plane spacing of 3.0 Â 6.5 Å 2 measured from the LEED data. In situ variable-temperature STM images were obtained in the constant current mode using commercially available Pt-Ir tips while heating the sample. O 2 and C 2 H 4 gases were a)
Author to whom correspondence should be addressed. Electronic mail: kodambaka@ucla.edu. introduced to the desired value using UHV leak valves. RGA data indicated that the partial pressures of H 2 O and CO 2 gases, commonly found in UHV systems, were below 10 À9 Torr during all of our annealing experiments, irrespective of the ambient (the amount of CO could not be quantified because it has the same molecular weight as that of C 2 H 4 and N 2 ). During annealing in C 2 H 4 , however, we find trace amounts of O 2 . From RGA spectra, we measured p O 2 ;C 2 H 4 of 1.2 Â 10 À9 Torr and 3.2 Â 10 À9 Torr while dosing C 2 H 4 at p C 2 H 4 of 9.8 Â 10 À9 Torr and 9.8 Â 10 À8 Torr, respectively. Substrate temperatures were measured using optical pyrometry and are accurate to within 50 K. Typical tunnelling currents of 0.1 nA to 0.5 nA and bias voltages of À2.0 V to þ2.0 V were used. Point-mode scanning tunneling spectroscopy (STS) measurements (I vs. V data) were obtained over a range of bias voltages V T between -1 V and þ1 V. During the measurements, tip-sample separation was held constant by interrupting the feedback loop. Scan sizes (50-200 nm), scan rates (50-100 s/frame), and tunneling parameters were varied to check for tip-induced effects. We observed no such effects in the results presented here. STM images were processed using WSXM software. 41 We now focus on the effect of annealing ambient on the TiO 2 (110) surface structure. Figure 2 shows a series of representative in situ STM images obtained from the same region while annealing sequentially the sample at T ¼ 1000 K in (a)
0003-
À9 Torr). The surface features in all of the images (a)-(c) resemble the so-called cross-linked (1 Â 2) structure, suggestive of a strongly O-deficient surface. 22, 39 Interestingly, we observe the growth on the surface (for example, the isolated two-dimensional island) during annealing the sample in ethylene ( Fig. 2(a) ). In contrast, we do not observe any significant changes in the island size or shape during annealing the same sample in UHV ( Fig. 2(b) ) or in O 2 ( Fig. 2(c) ). Since Ti was neither deposited nor removed during our experiments, the observed growth on the surface can occur via one or more of the following processes: deposition of carbon from C 2 H 4 , carbothermal reduction of the TiO 2 to form carbide (TiC) or an oxycarbide (TiO 1Àx C x ) and/or mass exchange between the bulk and the surface. 
As a means to identify the underlying mechanism leading to the observed growth, we first focused on the determination of surface composition. Figure 3 shows in situ hightemperature STS data along with STM images acquired from nearly the same region on the TiO 2 (110) sample while annealing at 700 K first in UHV (Fig. 3(a) ) and after 88 min in the presence of ethylene (Fig. 3(b) ). Point-mode STS (I vs. V data) were collected from the surface and used to extract normalized conductance values [(dI/dV)/(I/V)], a measure of local density of states (LDOS). 42, 43 The black and red curves in Fig. 3(c) are typical plots of [(dI/dV)/(I/V)] vs. V data obtained from black and red circled regions on surfaces during annealing in UHV and in ethylene, respectively (the horizontal dotted lines in the plot indicate zero conductance values for each of the curves). We find that both the curves are nearly identical; the semiconducting bandgap, as given by the range of voltages over which the conductance values are zero in the plot, is '1.2 eV for both the surfaces. These results indicate that the surface electronic structure and hence composition did not change due to the introduction of ethylene. We note, however, that the measured bandgap value is considerably lower than the bandgaps of bulk TiO 2 (>3 eV), carbon-doped TiO 2Àx C x ($2.2 eV), 44 and the newly discovered two-dimensional TiO 2 (110) surface phase ($2.1 eV). 45 Since the surface electronic structure is unaffected by the introduction of ethylene, we suggest that the significantly low bandgap in our samples is likely due to a strongly O-deficient TiO 2Àx . This is plausible since previous studies have noted drastic changes in the colors and resistivities of rutile TiO 2 crystals annealed in UHV at high temperatures. 40 Furthermore, we show below that the surface growth mode is strikingly similar to that observed while annealing in oxygen.
During annealing in ethylene (p C 2 H 4 ¼ 9.8 Â 10 À8 Torr with p O 2 ;C 2 H 4 ¼ 3.2 Â 10 À9 Torr), we observe the growth of new terraces via the formation of alternating layers of 2 Â 1 stripes and 1 Â 1 terraces (see Fig. 4 ). Such oscillatory growth has been previously observed during annealing of an O-deficient TiO 2 (110) crystal in pure O 2 atmosphere. 30, 31, 33 From higher-resolution STM images, the measured in-plane periodicities and the heights of the stripes are found to be consistent with the expected values for 1 Â 1 terraces and 2 Â 1 stripes on TiO 2 (110). This data provide further evidence that the observed growth features are indeed TiO 2Àx . Since ethylene molecules alone cannot account for the additional oxygen needed for the surface growth, we conclude that the oxygen atoms must be supplied from the trace amounts of oxygen gas present during dosing of ethylene. Based upon these results, we infer that annealing TiO 2 (110) in C 2 H 4 þ O 2 gas mixtures is qualitatively similar to annealing in pure O 2 . These observations are typical of all annealing experiments carried out at temperatures T between 700 and 1000 K.
In order to better understand the observed phenomena and the role of ethylene, we measured changes in surface mass of TiO 2 as a function of annealing time t, T, and O 2 and C 2 H 4 gas pressures. In each measurement sequence, the increase/decrease in surface mass is determined from the difference in total area of 1 Â 1 terraces and 2 Â 1 stripes in STM images acquired at each time t with respect to the area measured in the same field of view in the image acquired at t ¼ 0. (For areal calculations, we assumed that the 2 Â 1 stripes are made up of $3.0 -Å -wide Ti 3 O 6 structure. 22 The exact structure of the 2 Â 1 stripes, 24 however, has no effect on our results since we are interested only in the relative changes in areal coverages.) Figure 5 This result is expected and is a consequence of O desorption from the surface and Ti diffusion into the bulk. In the presence of pure O 2 , we observe little changes in the surface with time. This is likely due to the existence of a dynamic equilibrium between desorption of oxygen from the surface and the adsorption of oxygen from the gas phase at this annealing temperature and pressure. 33, 34 These results are consistent with previous reports, 29, [32] [33] [34] [35] [36] where it has been shown that annealing at high temperatures in vacuum leads to desorption of O atoms from the surface and diffusion of Ti atoms into the bulk. And, annealing in oxygen reverses this process, i.e., suppresses O atom desorption and promotes surface growth via Ti diffusion from the bulk on to the surface. Note the dramatic increase in surface mass with the addition of ethylene (Figs. 2 and 4) , a clear indication that the presence of ethylene promotes the growth of TiO 2Àx .
The effect of temperature on the rates of dissolution/ growth of TiO 2 is presented in Figs. 5(b) and 5(c). During annealing in UHV, TiO 2 surface mass decreases and the rate of dissolution increases with increasing T as shown in Fig. 5(b) . This is because the partial pressure of O 2 in equilibrium with the bulk TiO 2 crystal increases with increasing temperature and leads to O desorption from the sample. 33 With the introduction of O 2 gas, desorption of O atoms from the surface is counteracted by the incorporation of O atoms from the O 2 gas and can lead to growth as shown in Fig. 5(c) . For a given crystal composition and oxygen pressure, there exists a threshold temperature 33, 34 below which growth occurs. Above this threshold temperature, the O desorption rate exceeds the incorporation rate leading to mass loss from the surface. In our experiments, the threshold temperature is likely to be higher than 1000 K since, from Fig. 5(a) data, we infer that annealing the sample at all T 1000 K in pure O 2 with p O 2 ! 3.8 Â 10 À9 Torr leads to growth. And, from Fig. 5(c) , the growth rate decreases with increasing temperature. In contrast, annealing the sample in the presence of ethylene results in growth and, the growth rates are, within the measurements uncertainties, independent of temperature. While additional data is required to determine the exact temperature dependence, the striking finding is that at all temperatures, the growth rates measured during annealing in C 2 H 4 þ O 2 gas mixtures are higher than those obtained during annealing in pure oxygen.
How does ethylene promote the growth of TiO 2 ? Previous studies have shown that TiO 2 , in presence of UV radiation, oxidizes ethylene to form CO 2 and water. 15 While our experiments are conducted in the absence of UV light, the high substrate temperatures (700-1000 K) employed are likely to promote the oxidation of ethylene to produce water molecules. Given that our crystals are strongly reduced, surface reactivity is expected to be higher, 37, 39 which can lead to dissociative chemisorption of H 2 O molecules 46, 47 and hence relatively faster growth of TiO 2 than in the presence of O 2 . Clearly, more detailed experiments are necessary to better understand the observed phenomena.
In conclusion, we used in situ high-temperature scanning tunneling microscopy and investigated the effect of ethylene/oxygen gas mixtures on the surface dynamics of rutilestructured TiO 2 (110). We found that the presence of ethylene leads to growth of TiO 2 on the surface, a phenomenon that is qualitatively similar to that observed during annealing in pure oxygen. Our observations provide valuable insights into the mechanisms controlling the surface composition and structure during annealing in the presence of reactive gases. We expect that our results may help improve the catalytic performance, lifetime operation, and regeneration capability of transition-metal oxides.
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